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1 , 2 9 3  Following our f i r s t  successful  imaging experiments 
w i t h  h igh- f ie ld  superconducting solenoid l enses ,  numerous 
methodological and conceptual problems remained t o  be 
solved before  t h e  s p e c i f i c  advantages of t h i s  approach 
could be adequately es tab l i shed  f o r  high reso lu t ion  e l ec t ron  
microscopy. These problems included: (a )  incorporat ion of 
superconducting solenoid lenses  and assoc ia ted  cryogenic 
components i n t o  high performance e l ec t ron  microscope systems; 
\D) ' *  ' --..-: ~ L G L L U ~  -0 e n n t r o l  --__-. and reproducible cu r ren t  s e t t a b i l i t y  f o r  
focusing superconducting solenoid lenses ;  ( c )  s a t i s f a c t o r y  
specimen mounting t o  prevent temperature d r i f t  and achieve 
high degree of s t a b i l i t y  during i r r a d i a t i o n ;  ( d )  s t a b i l i z a t i o n  
of l ens  e x c i t a t i o n  cur ren ts  and acce le ra t ing  vol tage ,  and 
improved e l ec t ron  source c h a r a c t e r i s t i c s  f o r  low-temperature 
microscopy; ( e )  reduction of magnetic, e l e c t r i c a l  and 
mechanical per turba t ions  under c a r e f u l l y  cont ro l led  condi t ions 
i n  t h e  r e q u i s i t e  cryogenic environment; ( f )  adequate con- 
t inuous recording of  images without breaking high vacuum 
under cryogenic condi t ions.  
Meeting these  requirements has involved a major 
development and research e f f o r t  i n  t h i s  laboratory during 
t h e  p a s t  f e w  years. Pursuing a comprehensive research 
program w i t h  d i f f e r e n t  types of cryo-electron microscopes, 
our e a r l i e r  work1-' has been extended, zcnfirming t h e  
except ional  s t a b i l i t y  of high q u a l i t y  images (50A t o  lOOA 
r e so lu t ion )  recorded exclusively w i t h  superconducting scle- 
noid lenses  a t  4 t o  32 kilogauss and 4 t o  50 k i l o v o l t s  
acce le ra t ing  p o t e n t i a l .  Using a Superconducting niobium- 
zirconium objec t ive  l ens ,  operat ing i n  a spec ia l ly  designed 
i l q u i d  helium c ryos t a t  with superconducting s t igmators  and 
t 
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regula t ing  c i r c u i t r y ,  it has now been poss ib l e  t o  record,  
f o r  t h e  f i r s t  time, e lec t ron  micrographs of  b i o l o g i c a l  
specimens a t  4.2'K, reproducibly a t t a i n i n g  r e so lu t ions  of 
lOA t o  20A w i t h  minimized specimen modif icat ions.  
addi t ion ,  t h e  unique combination of high magnetfc f i e l d s ,  
l i q u i d  helium temperature,  and high e l ec t ron  o p t i c a l  
magnifications has enabled us t o  make prel iminary observ- 
a t i o n s  on c h a r a c t e r i s t i c  e lec t ron  o p t i c a l  phenomena 
assoc ia ted  w i t h  t rapped f luxes i n  t h i n  superconducting f i lms;  
S i l i e n t  aspec ts  of t h i s  work a r e  described i n  t h e  present  
repor t .  
Experimental.--All of t h e  equipment used w a s  s p e c i a l l y  
designed, developed, and t e s t e d  i n  our l a b o r a t o r i e s ,  making 
use,  wherever poss ib le ,  of commercially ava i l ab le  e l ec t ron ic  
and cryogenic components. I n  view of  t h e  S t r ingent  require-  
ments, even s p e c i a l  superconducting equipment which was 
b u i l t  t o  our spec i f i ca t ions  by commercial f i r m s  had t o  be 
ex tens ive ly  modified and adapted i n  our workshopsi 
our work has centered on two approachest 
(1)Cryo-electron microscope o p t i c a l  b.gncb system (Fig '  1) 
comprising a m o d i f i e d  a i r -core  l i q u i d  helium Dewar w i t h  d i f f e r -  
en t  types of  niobium-zirconium solenoid lenses  '3' 7 
a t  4 t o  32 kilogauss  without pole p ieces ,  and with modified 
objec t ive ,  and objec t ive-pro jec tor  po le  p ieces .  The objec t ive  
pole  p ieces  were e s s e n t i a l l y  of conventional design w i t h  
f o c a l  lengths  of 1.6 t o  2.6mm. 
regulated power suppl ies  w i t h  s to rage  b a t t e r i e s  had t o  
be considerably improved and used i n  conjunction w i t h  
add i t iona l  cu r ren t  vern ier  con t ro l  c i r c u i t s .  Under s u i t a b l e  
condi t ions t h i s  system permits ad jus t ab le  cur ren t  changes 
of  lo-' f o r  achieving reproducible "superf ine"  focusing, 
~ h k h  %s orders  of magnitude b e t t e r  than  conventional 
systems. The cu r ren t  vern ier  con t ro l  s p e c i a l l y  developed 
I n  
I n  generals 
operat ing 
Available 25 ampere 
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f o r  our lenses  by Westinghouse Cryogenics Division c o n s i s t s  
e s s e n t i a l l y  of a low f i e l d ,  two-winding, superconducting 
t o r o i d  with i t s  secondary connected i n  series with t h e  
main solenoid.  Af te r  achieving optimum focusing adjustment, 
t r a n s f e r  of t o r o i d  primary t o  p e r s i s t e n t  mode p laces  
the e n t i r e  system i n  a l o s s l e s s ,  completely s t a b l e  condi- 
t i o n .  Improved poin t  cathode which give s t a b l e  
coherent microbeam i l luminat ion of s m a l l  spot s i z e ,  
(0.4-1p diameter) ,  high spec i f i c  br ightness ,  and low 
energy spread, were used with h ighly  s t a b i l i z e d  power 
suppl ies  (mainly 50 kV) connected t o  a c e n t r a l  reguiateZ 
motor genera tor  s e t  w i t h  s o l i d - s t a t e  r egu la to r s  giving 
b e t t e r  than  0.1% main l i n e  vol tage  s t a b i l i t y  and very low 
harmonic d i s t o r t i o n .  Special  precaut ions were taken 
throughout t o  minimize mechanical, e l e c t r i c a l ,  and p a r t i c -  
u l a r l y ,  magnetic f i e l d  per turba t ions  which requi re  exten- 
sive moly-permalloy 4-79 shielding.  
specimen holders  were spec ia l ly  developed and t e s t e d  t o  
give optimum s t a b i l i t y  i n  cryogenic environment, including 
provis ions  for mult ip le  sample holders  and p i e z o e l e c t r i c  
specimen manipulaticn within t h e  Dewar descr ibedin d e t a i l  
elsewhere . 
Dewar of s p e c i a l  design (Fig.  2 )  which may be used as an 
i n t e g r a l  p a r t  of cryo-electron microscopes, or t o  replace 
t h e  ob jec t ive  lens  i n  modified high r e so lu t ion  commercial 
e l ec t ron  microscopes. T h i s  l ens  which w a s  designed and 
b u i l t  according t o  our spec i f i ca t ions  by Westinghouse Co., 
comprises niobium-zirconium main and ve rn ie r  c o i l s  
(32,580 ampere-turns) w i t h  superconducting s t igmators ,  
p e r s i s t e n t  cur ren t  switches and improved cur ren t  c o n t r o l  
devices.  A s  described elsewhere specimens a r e  mo-mtcd 
on microstages maintained at  4 .2"K,  and can a l s o  be 
i n se r t ed  wi th in  pole  pieces  of d i f f e r e n t  types,  ins luding  
Various types of 
4 
(2)Superconducting object ive l ens  i n  l i q u i d  helium 
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shor t  f o c a l  length  ( f=l .5  t o  1.8mm), s i n g l e  f i e l d  
condenser-ob j e c t i v e  pole  pieces' of i r o n  o r  dysprosium, 
and trapped-flux Nb Sn miniature lenses .  3 
e lec t ron  microscope I V  i s  mounted on a 10-ton v i b r a t i o n  
i s o l a t e d  base, and f ea tu res  extensive magnetic sh ie ld ing ,  
u l t r a h i g h  vacuum ion  pump system, improved f i e l d  and T-F 
emission source,  50 kV t o  100 kV highly  s t a b i l i z e d  accel-  
e r a t i n g  p o t e n t i a l ,  and image i n t e n s i f i e r  w i t h  p rovis ion  
f o r  videotape recording. 
u sua l ly  c a r r i e d  out on high r e so lu t ion  Kodak o r  I l f o r d  
p l a t e s  and on Kodak High Def in i t ion  70mm films wit'n a 
t h i n  po lyes t e r  base. 
of d i f f r a c t i o n  g r a t i n g s  (2160 lines/mm), f enes t r a t ed  
carbon f i lms  w i t h  c a t a l a se ,  and asbes tos ,  and evaporated 
t h i n  films of niobium, niobium-zirconium, or  lead. The 
results reported here  a r e  based on eva lua t ion  of more 
than 1,000 p l a t e s  and films d i r e c t l y  recording t h e  
e l ec t ron  o p t i c a l  images. 
experimental  d i f f i c u l t i e s  yel lminat ion of specimen d r i f t  
and of mechanical v ib ra t ions  due t o  cryogenic l i q u i d  
bo i l ing ,  attainment of prec ise  focusing and s t a b i l i t y  of 
image, e t c . ) ,  it was poss ib le  t o  operate  these cryo- 
e l ec t ron  microscopes, rou t ine ly  a t t a i n i n g  reproducible 
results when operat ing at 4 t o  32 ki logauss ,  p referab ly  
i n  p e r s i s t e n t  cu r ren t  mode, and 50 kV. After  focusing 
the  specimen image on the  f luorescent  screen with the  
p r e c i s i o n  s e t t a b i l i t y  c i r c u i t r y  a t  e l ec t ron  o p t i c a l  magnif- 
i c a t i o n s  of 200x t o  20,OOOx, using s o l e l y  superconducting 
lenses ,  t h e  solenoid i s  switched i n t o  p e r s i s t e n t  cur ren t  
mode. 
which can be r e a d i l y  corrected while s t i l i  i n  t h e  
p e r s i s t e n t  cur ren t  mode, 
without any e x t e r n a l  cur ren t  source are of an unprecedented 
Our Cryo- 
Photographic recording w a s  
The t e s t  specimens included r e p l i c a s  
Results.--After sys temat ica l ly  overcoming t h e  main 
Aside from s l i g h t  i n i t i a l  s h i f t s  i n  t h e  image, 
t h e  images thus  maintained 
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: 
degree of s t a b i l i t y  and high q u a l i t y  (Fig. 3) with reso l -  
u t ions  of 5 0 i  t o  lOOA, suscept ible  of considerable improve- 
ment by cor rec t ion  of  astigmatism. 
of 30 seconds t o  seve ra l  minutes a r e  poss ib le  when using 
microbeam i l luminat ion  of  low i n t e n s i t y  and high resolu- 
t i o n  p l a t e s .  
exposure made poss ib le  by the s u p e r s t a b i l i t y  of t h e  lens ,  
f i n e  d e t a i l  can be observed, i n  micrographs displaying a 
very large field recorded with a s ing le  lens  (Fig.  3e ) ,  
which i s  normally only d iscern ib le  i n  t h e  bes t  high reso l -  
u t i o n  micrographs a t  higher magnifications (Fig.  3g). The 
same a rea  can be continuously recorded a t  5 t o  15 minute 
i n t e r v a l s  (Figs.  3a-d) over per iods of 10 t o  20 hours 
under ca re fu l ly  cont ro l led  condi t ions without de tec tab le  
image changes. 
s u p e r s t a b i l i t y  has,  i n  f a c t ,  l ed  t o  a c r i t i c a l  survey and 
de tec t ion  of other  sources of  mechanical, magnetic and 
e l e c t r i c a l  per turba t ions  which had previously been masked 
by lens f luc tua t ions  and r ipp le .  I n  conjunction w i t h  t he  
improved (cryogenic) vacuum and reduced specimen damage 
t h i s  unique l ens  s t a b i l i t y  a l ready represents  a major ad- 
vantage of t h e  superconducting lens  system. Preliminary 
experiments w i t h  high reso lu t ion  e l ec t ron  microscopy and 
d i f f r a c t i o n ,  combining t h e  exceptional s t a b i l i t y  of super- 
conducting lenses  w i t h  coherent microbeam i l luminat ion,  
appear promising f o r  p r a c t i c a l  r e a l i z a t i o n  of Gabor's 
wave-f ront  reconstruct ion microscopy . 
Electron microscopy and d i f f r a c t i o n  of specimens a t  
l i q u i d  helium temperatures : W i t h  improved objec t ive  l ens  
and cold s tage assemblies it has recent ly  been poss ib le  
t z l  exanine b i o l o g i c a l  and other  types of specimens which 
a r e  kept a t  4.2'K. The major problem of specimen d r i f t  
By v i r t u e  of t h i s  exceptional s t a b i l i t y ,  exposures 
A s  a r e s u l t  of t h e  in tegra ted  long-term 
Demonstration of t h i s  t y p i c a l  long-term 
16 
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previously encountered has been l a r g e l y  solved by combined 
use of adequate cryogenic sh i e ld ing ,  stable specimen 
mounting and microbeam i l luminat ion of low i n t e n s i t y  and 
small spot  s i z e .  Moreover, without using po le  p i eces ,  i t  
i s  poss ib le  t o  compensate our superconducting ob jec t ive  
l e n s ,  opera t ing  i n  the p e r s i s t e n t  cur ren t  mode a t  4 t o  8 
ki logauss ,  by using t h e  s p e c i a l  superconducting s t igmators  
and shim c o i l s .  Under optimum condi t ions excel lent  
e l ec t ron  o p t i c a l  images can be  recorded a t  magnifications 
of 200 x t o  40,000 x using the  superconducting l e n s  i n  
conjunction w i t h  s tandard p ro jec to r  - and intermediate  
l enses .  A s  shown i n  F igs .  4 a-cy tes t  specimens of 
c a t a l a s e  w i t h  a sbes tos  f i b e r s  ( o f  ea .  1008 t o  2008 
diameter and c e n t r a l  channel of  208 t o  508) s t a ined  
wi th  u rany lace ta t e ,  exhibi t  c l e a r l y  resolvable  detai ls  
i n  the  s i z e  range of 108 t o  208 (po in t  r e so lu t ion ) .  
Although no ob jec t ive  ape r tu re s  were used the image con t r a s t  
is good, a n d  the 808 t o  908 per iod ic  s t r u c t u r e  of the 
catalase c r y s t a l s  can b e  detected i n  c e r t a i n  areas. The 
transparency and c l a r i t y  of t he  images are noteworthy, 
p a r t i c u l a r l y  t h e  lack  of contamination a f te r  prolonged 
exposure. I n  specimens shadowed w i t h  lead the  
c h a r a c t e r i s t i c  e l ec t ron  transparency at low termpratures , 
first descr ibed  by Boersch;' can b e  detected by e l ec t ron  
microscopy and d i f f r a c t i o n .  
5008) of  niobium o r  niobium-zirconium evaporated on 
f enes t r a t ed  th in- f i lm carbon s u b s t r a t e s  , e x h i b i t  i n t e r e s t i n g  
phenomena when examined at low temperatures (4.2OK) and 
r e l a t i v e l y  high f i e l d s  (4 t o  8 ki logauss  without po le  
p i eces  and up t o  20 kilogauss wi th  po le  pe i ces ) .  
---- shnwn .._- i n  Fig. 5a the cont ro l  micrograph recorded a t  
l i q u i d  ni t rogen temperature and low f i e l d s  d i f f e r s  
markedly from micrographs of the same a r e a  examined at 
4.2'K and higher  f i e l d s  o f  about 8 ki logauss  (F ig .  5b) .  
Trapped f lux experiments: Thin f i l m s  ( ca .  2008. t o  
As 
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A series of  c h a r a c t e r i s t i c  f r inge  p a t t e r n s  i s  observed 
under the l a t t e r  condi t ions,  which vary i n  configurat ion 
and dimensions according t o  the appl ied f i e l d  s t r eng th .  
T h i s  reproducible  effect  i s  t e n t a t i v e l y  assumed t o  be 
associated wi th  the  Lorentz de f l ec t ions  induced by the  
trapped magnetic f l u x  patterns,  resembling the imaging 
of magnetic domains i n  conventional microscopy at normal 
temperatures.  lo 
condi t ions of higher  beam i n t e n s i t y ,  and c l c s e  t o  c r i t i c a l  
t r a n s i t i o n  temperatures,  revea l  unexpected dynamic and 
complex p~enu inc i i~  displsying a constant s ta te  o f  f l u x  
of vortex-l ike regions resembling t h e  "bee swarm" e f f e c t  
described i n  t h i n  carbon a n d  Permalloy f i l m s .  These 
i n t e r e s t i n g  observations which can now be  r e a d i l y  made 
over a wide range o f  temperatures and e l e c t r o n  o p t i c a l  
condi t ions are being continued and w i l l  be  reported i n  
de ta i l  elsewhere. 
Preliminary observations made under 
ii 
Discussion.--The unique s t a b i l i t y  and r e l a t i v e l y  
high q u a l i t y  of the images recorded at  low temperatures 
wi th  superconducting solenoid l enses  i s  reveal ing and 
encouraging, considering t h e  advanced s t a t e  of development 
of conventional high resolut ion e l ec t ron  microscopy. 
It c l e a r l y  i n d i c a t e s  the p o t e n t i a l i t i e s  of a highly 
promising experimental approach which has opened up 
w i t h  recent  advances i n  superconducting technology 
but which i s  only now emerging from t h e  confines  of  
t i m i d  o r  s k e p t i c a l  speculation. Our own experimental 
apporach i s  pr imar i ly  designed t o  provide e s s e n t i a l  data 
f o r  the  development of high r e so lu t ion  e l e c t r o n  
microscopy of  b i o l o g i c a l  specimens, examined i n  the  
frozen hydrated s t a t e  under t h e  i d e a l  low temperature 
condi t ions o f  minlmized specimen contamination, r ad ia t ion  
12,13,14 
damage and thermai rioise. 
l enses  i n  e l ec t ron  microscoey have been demonstrated, 
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the way i s  open f o r  new approaches which are unique t o  
superconductors as p e r f e c t  diamagnetic mater ia l s .  
Thus, t h e  p o s s i b i l i t y  of  using superconductors f o r  
co r rec t ion  of sphe r i ca l  abe r ra t ion  as first suggested 
by Marton15 becomes suscept ib le  of experimental  veri-  
f i c a t i o n .  Moreover, t h e  obvious advantages of high f i e l d  
superconducting l enses  f o r  both high vol tage  and low 
vol tage  e l ec t ron  microscopy e n t e r  i n t o  t h e  realm of 
p r a c t i c a l  r e a l i z a t i o n .  Cryo-electron microscopes should 
a l s o  prove t o  be a powerful t o o l  f o r  d i r e c t  v i s u a l i z a t i o n  
of fundamental phenomena i n  t h i n  superconducting fiims. 
It i s  the re fo re  hoped that desp i t e  t h e  inherent  exper- 
imental  d i f f i c u l t i e s  and unce r t a in t i e s  further c r i t i c a l  
and cons t ruc t ive  work w i l l  continue i n  t h i s  f i e l d .  
Summary.--Extending e a r l i e r  work, r e s u l t s  are 
descr ibed which were obtained with d i f f e r e n t  types of 
cryo-electron microscopes using h igh- f ie ld ,  niobium- 
zirconium solenoid lenses  with s p e c i a l l y  designed cryogenic 
specimen s tage  assemblies,  po le  p ieces  and superconducting 
r egu la t ing  c i r c u i t r y .  Exceptional long-term s t a b i l i t y  
and high q u a l i t y  of e lec t ron  microscopic images d i r e c t l y  
recorded a t  200x t o  2 0 , 0 0 0 ~  were demonstrated under 
c a r e f u l l y  cont ro l led  condi t ions,  operat ing i n  p e r s i s t e n t  
cu r ren t  mode a t  4 t o  32 kilogauss and 4 t o  40 k i l o v o l t s  
acce le ra t ing  p o t e n t i a l .  Electron micrographs of b i o l o g i c a l  
specimens were recorded at l i q u i d  helium temperatures 
(4.2'K) w i t h  a superconducting N b - Z r  ob jec t ive  l e n s  of 
s p e c i a l  design, reproducibly a t t a i n i n g  r e so lu t ions  of 
lOA t o  20a. Preliminary experiments have demonstrated 
c h a r a c t e r i s t i c  e l ec t ron  o p t i c a l  phenomena assoc ia ted  w i t h  
trapped fluxes i n  t h i n  superconducting films. A u r t ( ~ , @  
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FIG. 3.--Cryo-elec t r o n  microscclpe with high-field N S - Z r  
supe rconduc t ing  so leno id  l e n s e s ,  r e g u l a t i n g  c i r c u i t r y  
and power supply c o n t r o l s .  
FIG. 2-Sketch of superconduct ing  ob,jec t i v e  l e n s  with 
stlgmaiors and  v e r n i e r  c o i l s  of s p e c i a l  design. 
PIG.3--Electron micrographs  o f  2160 lines/mm d i f f r a c t i o n  g r a t i n g  r e p l i c a s  
r e c o r d e d  at  50 kV (10-20,000~ e l e c t r .  o p t . )  w i t h  supe rconduc t ing  l e n s  i n  
p e r e i s t e n t  c u r r e n t  node c o n t i n u o u s l y  o v e r  10 hour  p e r i o d .  Una l t e red  images 
of f i r s t  ( a , c )  and f i n a l  ( “ . , a )  ser ies  demons t r a t e  l e n s  s u p e r s t a b i l i t y .  FJne 
d e t a i l  d i s c e r n i b l e  i n  ( e )  r e s u l t i n g  from l o n g  term exposure  i s  o n l y  f o u n d  i n  
con t ro l  s t a n d a r d  micrographs  ( f )  a t  h igher  m a g n i f i c a t ‘ o n  ( g ) .  
FIG.4--Electron micrographs of s t a i n e d  c a t a l a s e  asbestos 
o b j e c t i v e  l e n s  wi thout  po le  p i e c e  i n  p e r s i s t e n t  c u r r e n t  mode 
a t  75 kV, demonstrat ing 10 t o  20A r e s o l u t i o n  i n  asbestos f i l a m e n t s  
( c ) .  ( a )  2 0 , 0 0 0 ~ ;  ( b )  5 0 , 0 0 0 ~ ;  ( c )  8 0 0 , 0 0 0 ~ .  









FIG.5--Zlectron micrographs of tk:Lri niobisrn film on fenes t ra ted  
carbo2 s u b s t r a t e  recorded w i t h  superconducttng o b j e c t i v e  l e n s .  
Compare u o n t i - ~ l  i m g e s  a t  Pow f i e l d ,  90 K ,  w i t h  co r re spond ing  
a r e a s  ( b , e )  examined a t  4.2’9 and  h igh  f i e l d s ,  showing 
c h a r a c t e r i s t i c  f r i n g e  patcerns presumably a s s o c i a t e d  wi th  
trapped flux. 40, OOOx . 
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